Introduction
There is now ample evidence that cognitive symptoms observed in striatal disorders bear strong similarities with those associated with frontal cortex lesions. The cognitive symptoms which are most characteristic of fronto-striatal disorders are cognitive control (executive control) deficits. Cognitive control symptoms affect functions such as attention, decisions, action planning, and retrieval from memory (1, 2, 3, 4, 5, 6) .
These symptoms can easily be observed in patients Huntington's disease and in a majority of patients with Parkinsonian syndromes. They also represent the most ubiquitous cognitive symptoms in psychiatric disorders.
Cognitive control symptoms can be observed in a large variety of tasks. The apparent heterogeneity of these symptoms is linked to the rich diverse connections of the fronto-striatal systems to sensory, motor, cognitive and motivational systems.
However, this heterogeneity is also due to the fact that fronto-striatal systems are involved in general-purpose processes which influence many functions. Cognitive control deficits affect many functions at once, not through a basic functional loss, but through an impaired regulation of processing. Cognitive control deficits affect the control of cognitive processing by goals (7) . Goals provide bias signals which modulate processing. Goals are ubiquitous in behavior and many cognitive processes can be considered goal-directed or voluntary in a general sense. However, only some processing is goal-controlled, i.e. systematically biased in relation to the goal as opposed to automatic processing that runs mainly on the basis of learned associations.
Cognitive control processes regulate the speed, progression, and outcome of cognitive processes such as response selection, perceptual selection, and information retrieval.
Because of this regulatory function, cognitive control deficits have a high impact on daily activities. They can affect decision points in behavior, information retrieval, communications, calculations, and learning.
Cognitive control symptoms are sensitive to task parameters
Cognitive control symptoms are most apparent in special conditions. A first set of conditions involves novel, or ambiguous contexts which are associated with weak associative cues.
For example, their difficulties are more apparent in novel combinations of movements (e.g. Luria's serial gestures: Palm-Edge-Fist) than in familiar ones (e.g. Palm-Fist-Palm), and more apparent in new problems than in practiced problems.
A second set of conditions which can help detect cognitive control deficits involves interference from competing stimuli or responses. This is well illustrated in attention tasks such as the Stroop task in which color words are written in a color which conflicts with the word (e.g. Red written in blue). The competition between the reading response and the color naming response in this task affects patients with cognitive control deficits much more than controls (8) . Other conditions which help bring out cognitive control symptoms include processing demands, precision demands, and time limitations. For example, cognitive control deficits will affect response choices especially if they are rapid and involve a non-automatic decision rule. In more practiced or less demanding conditions, performance is less dependent on cognitive control mechanisms and can rely more on 'automatic' control processes in which learned associations provide selection cues. Cognitive control symptoms are often said to be linked to cognitive difficulty (processing demands or effortful processing). While task difficulty or cognitive effort may often be linked to goal-controlled processing, these general terms are insufficient to explain the underlying mechanisms of cognitive control symptoms.
Cognitive control episodes are part of most tasks
Consider a task involving the retrieval of the last number in the two following series: (52-53-?) and (70-62-?) . The stimuli are similar, the response is identical but, for most people, the latter series requires a more prolonged cognitive episode. This Even when an action is simple or highly practiced, cognitive control processes may still be needed during brief intervals. They may be needed before initiating responses, at critical decision points or other more demanding intervals when learned habits and associative cues cannot adequately specify the response. Since cognitive control deficits can affect only small intervals in prolonged tasks, tasks may vary widely in sensitivity depending on the impact of these critical intervals on performance. For example, choice tasks that require switching from one conditional rule to another are more sensitive to cognitive control deficits than ordinary choice tasks (9) . Switching tasks generally involve a high degree of cognitive control at switching points. However, learned associations can reduce the impairment in switching (9) .
The fact that most tasks involve automatic and goal-controlled episodes can give rise to paradoxical interpretations. For example, patients will often complete a task with more effort and time than controls, suggesting that they make more use of cognitive control processes. How can that be if they have impaired cognitive control processes?
Patients appear to make more use of cognitive control processes because their cognitive control episodes are prolonged and inefficient. They may not solve the task with these processes more often than controls, they may simply spend more time in unsuccessful cognitive control episodes.
Cognitive control errors reflect competitive processing
Cognitive control deficits often lead to errors from an incorrect selection of an alternative response. The selection of responses is especially impaired when there is competition from other responses, or when selection cues are weak as in memory-guided responses (10, 4, 11, 6) . The correct response is often replaced by prepotent welllearned responses which lead to capture errors or by recent responses which lead to perseverative errors. Errors can also be responses that would normally follow the correct response, as in sequential inversion errors which are frequent in rapid motor sequences or in speech. Incorrect answers may also simply share some features with the correct responses (e.g. general location). This suggests that cognitive control influences competition between responses.
Cognitive control as competitive consolidation episodes
Cognitive control symptoms are still poorly understood. They are often described as lists of symptoms or with general functions such as planning or working memory difficulties. One reason for the lack of adequate models of cognitive control symptoms is that they cut across many cognitive domains such as attention, memory, decision, or movement depending on the tasks examined.
Several general hypotheses have been proposed to account for fronto-striatal cognitive functions. Some have emphasized the capacity of these circuits to maintain information in short-term memory (12) . Other authors have highlighted their supervisory functions and others have highlighted their associative learning functions (e.g. 13).
However, several portions of the brain have short-term memory capacity and several are involved in associative learning. Fronto-striatal systems are unique in having a dominant contribution to cognitive control functions. These functions certainly depend on shortterm memory and they can be useful in many learning situations, but their main role is goal-controlled regulation of processing. Models more specifically adapted to the cognitive control functions of fronto-striatal circuits have emphasized processes such as the temporal integration between sensory and motor processes (6) or response selection processes (4, 14) .
Recent evidence suggests that two properties of fronto-striatal systems are important to understand cognitive control symptoms: 1) bias signals and 2) slow consolidation. Fronto-striatal systems must use some criterion or control variables to bias the consolidation process towards the intended goal. These control variables are used as a common currency in networks which integrate many types of information. One control variable proposed for motor decisions is reward prediction error which provides information on the adequacy of alternative responses for the prediction of reward (16) .
Predicition error can be used as a form of anticipatory feedback on response selection circuits to help bias consolidation in favor of the most correct action for the context. by novelty since this factor reduces the amount of automatic processing and learned information that can be used in a task, and performance must then rely more heavily on cognitive control episodes. Task demands also increase the amount of cognitive control necessary to successfully complete the task. Finally, time limitations put pressure on the termination of cognitive control episodes which may compromise the quality of consolidation. Time limitations thus represent a stress test for cognitive control processes and will increase the probability of incorrect consolidation in people with cognitive control deficits.
Performance slowing and timing variability reflect consolidation problems
The slowing of performance is one of the major symptoms of fronto-striatal disorders, affecting initiation and execution of movements (17, 18) . More complex tasks exacerbate this slowing, suggesting that it is partly linked to processing complexity. This control-related slowing is probably not the only source of slowing associated with frontostriatal disorders but it may compound slowing originating from other sources. Cognitive control problems also lead to a high variability in performance speed, normal fast responses alternating with very slow responses (19, 20) . This variability indicates that response selection episodes can consolidate properly but that their control is impaired. (23), suggesting that the control of performance by stimuli can compensate the variability in the rate of response consolidation associated with cognitive control deficits.
Deficits in serial movements reflect increased susceptibility to interference
Fronto-striatal disorders have long been known to affect serial responses (24, 25, 4) . This has been shown for complex problems or mazes, but also for short sequences of movements (26, 27, 28, 29, 30, 31 retrieving a response while executing the previous one in a series) in control subjects.
Patients may be able to prepare one response in advance in a sequence, but knowing multiple responses in advance does not speed up responses in fronto-striatal patients as it does in controls (see Fig. 1 ) (19, 39, 40, 41, 42, 43, 44) . This suggests that individual decisions are more susceptible to interference by adjacent decisions in fronto-striatal disorders.
_________________ Figure 1 here _________________

Cognitive control deficits affect perceptual consolidation
Cognitive control episodes can be investigated in perceptual attention tasks.
Perceptual decisions about stimuli are often made in distracting or ambiguous contexts that require cognitive (attentional) control. Fronto-striatal circuits interact with sensory cortex and some of these interactions are involved in the attentional biasing of sensory systems according to goals (45, 46, 47, 15, 48) . Fronto-striatal activity is involved in selecting target objects among distractors and it is also involved in selecting a categorical interpretation of stimuli (48, 49, 50, 51, 52).
Fronto-striatal disorders can produce significant deficits in perceptual attention tasks. They affect the search for target stimuli among distractors in different modalities and in spatial as well as temporal domains (53, 1, 54, 55, 8) . They also affect rapid perceptual decisions made under interference. For example, when a specified targetstimulus must be identified in a rapid series of brief stimuli, patients with fronto-striatal damage make significantly more errors than controls when a masking distractor follows the target closely (see Fig. 2 ) (56, 57). Identifying a target followed closely by a masking distractor produces a brief perceptual competition which affects the consolidation of the target and increases the probability of seeing the distractor instead of the target (58, 59, 60) . This perceptual competition is resolved by a transient attentional response which biases processing in favor of the target. Attentional responses can last more than half a second and during this period they can prevent new perceptual decisions from being completed (59) . Fronto-striatal disorders increase the consolidation period during which perceptual consolidation episodes are susceptible to perturbation. Figure 2 here _________________ Functional brain imaging during perceptual decision tasks shows that frontal circuits are involved (60) . When trying to identify targets in rapid visual streams, masking interference increases activation in frontal and parietal cortical regions (see Fig. 2 ).
_________________
Interactions between these regions may underly cognitive control processes necessary for perceptual decisions under interference.
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These data lend support to the hypothesis that fronto-striatal systems play an important role in perceptual decisions that require attentional responses. They also suggest that cognitive control episodes involve a brief period of consolidation through regional interactions and that they are susceptible to interference during this period.
One of the control variables which has been proposed for the cognitive control of perceptual decisions is the likelihood ratio which provides a comparative evaluation of the various alternatives based on available information (61) . Likelihood ratios can guide the perceptual consolidation of sensory inputs and there is evidence that fronto-striatal neurons can code for this variable as they code for reward prediction error during response selection.
Cognitive control deficits affect learning
Sensorimotor learning involves shifts in the control processes underlying performance. Initially, performance strongly relies on cognitive control for resolving competition between alternative movements with weak associative links and to use error feedback. With practice, appropriate associative links or motor programs develop and the control of movements shifts from frequent episodes of cognitive control to increasing degrees of automatic or predictive control (62) . There is evidence from cellular neurophysiology and functional brain imaging that fronto-striatal systems show changes in activity linked to sensorimotor learning (63, 64) . However, it is still unclear how much of these activity changes reflect changes in the degree of cognitive control involved in the movements during learning as opposed to other aspects of learning.
Cognitive control deficits can affect movements in novel contexts. For example, patients with Huntington's disease show poor initial performance in sensorimotor learning tasks. In mirror-inverted movements, patients show significant trajectory control problems (see Fig. 3 ) (57, 65, 66, 67) . In visuo-motor tracking tasks, patients require lower speeds to maintain normal precision levels. Thus, fronto-striatal disorders affect the cognitive control of novel movements in learning tasks.
In addition to initial performance problems, learning problems have also been reported in HD patients in some tasks (e.g. predictable visuomotor tracking) but not in others (e.g. random-motion tracking or mirror-inverted movements) (68, 69, 70, 71) .
Cognitive control deficits may partly account for these task differences in skill acquisition in fronto-striatal disorders. For example, it has been reported that acquisition of predictable visuomotor pursuit is more impaired than acquisition of mirror drawing in HD (68, 69, 70) . However, mirror drawing has a higher learning rate than predictable visuomotor pursuit which may indicate that automatic motor control takes over portions of the movement more quickly in mirror drawing. The availability of automatic control processes can help patients bypass cognitive control deficits. Thus, the degree to which cognitive control deficits can be bypassed may be an important factor in determining acquisition impairments in different tasks. Figure 3 here _________________ The deficits observed in novel visually-guided movements also have implications for the interpretation of the effects of visual guidance. Visual guidance can help movements in fronto-striatal disorders (17) . It has been suggested that fronto-striatal disorders produce a deficit in the control of movement based on learned internal representations which would lead to a greater reliance on the visual control of movement (17, 39) . However, visually-guided tasks are often less demanding than memory-guided tasks (54) , so an alternative explanation is that visual guidance may help bypass deficient cognitive control processes. This explanation would better account for the significant impairment observed in patients when movements require precise visual control as is the case in novel contexts (57) . Thus, fronto-striatal disorders do not dissociate internal from external control but they do dissociate goal-related control from automatic control.
________________
In addition to the deficits observed in novel movements, patients also show cognitive control deficits in movements made under high precision demands. For example, when HD patients are asked to trace simple paths within borders, reducing the width of the tracing corridor increases the control impairment (72) . Also, when brief perturbations are applied during a movement, HD patients show significant problems in controlling movement corrections (73) . Thus, fronto-striatal systems appear to be necessary for the cognitive control of visually-guided movements. Cognitive control processes may be recruited during movement because of the lack of learned programs, because of high precision demands or when interference such as movement perturbations is present. Figure 4 here _________________ Several studies have suggested that fronto-striatal disorders produce problems in the learning of arbitrary stimulus-response associations or categorization rules (10, 23, 74, 75, 76, 69, 77, 78) . Since cognitive control problems affect response selection in novel contexts, it is difficult to disentangle learning problems from control problems in these situations. Before a conditional stimulus-response association is well-learned, response selection involves resolving competition between correct and incorrect associations, a process which requires cognitive control. Thus, the difficulty may lie as much in the retrieval of poorly-learned information as in the acquisition of the conditional associations.
_________________
The link between cognitive control deficits and acquisition is still unclear. As Wise pointed out, much work needs to be done on the performance control functions of frontostriatal circuits before their role in learning can be adequately understood (14) . The effects of fronto-striatal disorders on sensorimotor learning tasks should be reexamined to determine how much of the reported learning deficits are due to cognitive control deficits.
Conclusions
Our understanding of cognitive control deficits is still in its infancy. However, recent work suggests that neuroscientific models can be developed for these symptoms.
Some basic principles which may help develop these models are already apparent. 
